We report, for the first time, a prediction of the line shapes that would be observed in the 129 Xe nuclear magnetic resonance ͑NMR͒ spectrum of xenon in the cages of clathrate hydrates. We use the dimer tensor model to represent pairwise contributions to the intermolecular magnetic shielding tensor for Xe at a specific location in a clathrate cage. The individual tensor components from quantum mechanical calculations in clathrate hydrate structure I are represented by contributions from parallel and perpendicular tensor components of Xe-O and Xe-H dimers. Subsequently these dimer tensor components are used to reconstruct the full magnetic shielding tensor for Xe at an arbitrary location in a clathrate cage. The reconstructed tensors are employed in canonical Monte Carlo simulations to find the Xe shielding tensor component along a particular magnetic field direction. The shielding tensor component weighted according to the probability of finding a crystal fragment oriented along this direction in a polycrystalline sample leads to a predicted line shape. Using the same set of Xe-O and Xe-H shielding functions and the same Xe-O and Xe-H potential functions we calculate the Xe NMR spectra of Xe atom in 12 distinct cage types in clathrate hydrates structures I, II, H, and bromine hydrate. Agreement with experimental spectra in terms of the number of unique tensor components and their relative magnitudes is excellent. Agreement with absolute magnitudes of chemical shifts relative to free Xe atom is very good. We predict the Xe line shapes in two cages in which Xe has not yet been observed.
INTRODUCTION
Clathrate hydrates are crystalline inclusion compounds consisting of a hydrogen-bonded network of polyhedral water cavities which encage small molecules. The cages are described by a notation M n for n faces, each face having M sides; for example, 5 12 6 2 ͑12 pentagons and 2 hexagons͒. Natural deposits of predominantly methane hydrate are found in permafrost, in off-shore and on-shore sediments, the amount of gas estimated to be much larger than global combined fossil fuel reserves. It has been suggested that gas hydrates also exist in space, in some planets and their moons. Understanding the crystal structure, growth, and decomposition will have wide ranging implications in a variety of applications including efficient exploitation of gas reserves, in understanding the role of gas hydrates in space and in glaciology.
1 Furthermore, studies of clathrate hydrates contribute to a fundamental understanding of inclusion chemistry in general, particularly in hydrogen-bonded systems.
Xe nuclear magnetic resonance ͑NMR͒ spectroscopy has been a very useful tool for probing porous materials since the Xe atom, roughly the same size as a methane molecule, can explore confined spaces having dimensions that span those of interest in catalysis and separations. Furthermore, the isotropic intermolecular Xe chemical shift is exquisitely sensitive to environment. Thus, Xe chemical shifts have been used to characterize cavities in aluminosilicates, in molecular crystals, and in biological systems. [2] [3] [4] It has been demonstrated that even more detailed information is available in the Xe chemical shift tensor. Ripmeester and co-workers have discovered that experimental NMR line shapes of a single Xe guest atom in small cages exhibit either isotropic or anisotropic characteristics. [5] [6] [7] [8] [9] [10] [11] [12] They have also observed anisotropic Xe line shapes in porous materials with nanochannels, and find that these lineshapes exhibit a systematic dependence on the Xe loading. [13] [14] [15] In the gas or liquid phase, Xe is free to explore all directions equally and one expects and observes isotropic lines in the 129 Xe NMR spectrum. In the highly anisotropic environments of nanopores and nanochannels where confinement precludes uniform averaging in all directions, one may expect to observe lineshapes that reflect the anisotropy of the environment. The anisotropy of the Xe chemical shift which can be obtained experimentally from the Xe NMR spectrum in the limit of zero occupancy should reflect the pore geometry, provided that the physical exchange of adsorbed Xe with the Xe atoms in the bulk phase is sufficiently slow. From such lineshapes the average Xe shielding tensor components may be extracted.
In general there are six distinct elements in the symmetric part of the shielding tensor. In order to be able to calculate all the Xe shielding tensor components for an arbitrary position of Xe within the cage, it will be necessary to represent the tensor components that are obtained quantum mechanically with interpolating functions which in turn may be used to provide tensor components for Xe at arbitrary locations. The shielding tensor of Xe in a particular configuration of water molecules is a complex function of the coordinates of all the oxygen and hydrogen atoms relative to the Xe atom. This is not a trivial task. Therefore, we make the as-sumption that each of the Xe shielding tensor components ( XX , Y Y , ZZ , ( XY ϩ Y X )/2, ( XZ ϩ ZX )/2, ( ZY ϩ Y Z )/2, in such a configuration in the laboratory frame, can be treated as a pairwise additive function of Xe-O and Xe-H shielding tensor components. The latter are assumed to depend on Xe-O and Xe-H distances in the same way that Xe tensor components ʈ and Ќ of the Xe-Rg rare gas dimer depends on distance. 16 One of us has used this approach previously in the calculation of the Xe NMR line shapes in the nanochannels of This required the neglect of any many-body contributions to the intermolecular shielding tensor. There is experimental evidence of such deviations from pairwise additivity from the observations of neat liquid and gas phase NMR chemical shifts. 18 -22 When all atoms involved are rare gas atoms, such as in XeNe n clusters or Xe 3 clusters, the many-body terms can be directly determined from the difference between the calculated shielding tensor components for the cluster and the pairwise sums of Xe-Ne or Xe-Xe shielding tensor components. A discussion of the many-body contributions and the deviations from pairwise additivity of the intermolecular shielding tensor is given elsewhere. 23 In this work we will neglect such many-body terms and assume pairwise additivity in the scheme known as the dimer tensor model, introduced by one of us. 17 We have carried out nuclear magnetic shielding calculations for Xe in the cages of clathrate hydrate structures I and II. 24 In the previous paper, we discussed the various models explored in the attempt to represent, within practical limitations, the environment of a Xe atom trapped in a cage in a hydrogen-bonded network system. We showed that the electrostatic contributions to intermolecular shielding of a Xe atom are small and negligible, but the electrostatic contributions from neighboring water molecules in the extended lattice to the electronic structure of the water molecules of a cage are not negligible, and this has a corresponding effect on the Xe shielding response. When the hydrogen bonding of the water molecules of the cage is incompletely described ͑i.e., when their hydrogen-bonding partners are either absent or represented merely by partial point charges, thereby leaving out the covalent part of the hydrogen bonding͒, these molecules do not provide the correct shielding response at the Xe nucleus. By using five models that incorporate some but not all of the electronic coupling of the Xe atom to the water molecules in the crystal, we demonstrated which factors were important, and to what extent excluding them from the model compromises the description of Xe shielding in any hydrogen-bonded system. We provided a paradigm for the general treatment of intermolecular shielding in a hydrogen-bonded network. Universal Xe-O and Xe-H isotropic shielding functions were obtained by fitting together the quantum mechanical values calculated using several cages with diverse proton arrangements representing clathrate hydrate structure I. Simulation boxes consisting of supercells were used with the same set of isotropic shielding functions and the same set of potential parameters to provide Monte Carlo averages of the isotropic Xe shielding that were in good agreement with the values observed by Ripmeester et al. in the small and large cages of clathrate hydrate structures I and II. [5] [6] [7] 11 The results presented there were the first calculations of the isotropic Xe shielding in clathrate hydrates and the first calculations of Xe shielding in a hydrogen-bonded system.
In this paper, we employ the dimer tensor model to represent the quantum mechanical Xe shielding tensor at arbitrary positions within a clathrate hydrate cage and use Monte Carlo simulations to calculate the NMR spectra of the Xe atoms occupying each of the 12 types of cages in four types of clathrate hydrate structures: structures I, II, H, and bromine hydrate.
METHODS

Quantum mechanical calculations of Xe shielding response
The models, the basis functions, the shielding calculations, the coordinates of the clathrate hydrate atoms, were introduced and described in Ref. 24 . In the present work, we consider only the results from using the XCAGE/PCA model, in which the Xe atom in a cage in a crystal fragment is modeled by the Xe atom in the cage of water molecules, together with their full set of hydrogen-bonding partners, immersed in the point charge array that represents the remaining water molecules of the crystal. The point charge array self-consistently reproduces the Madelung potential in the region including the Xe atom and the cage ͑or extended cage͒ under investigation. For the present paper we use the results of the shielding tensor calculations using the DFT/ B3LYP method.
The additive dimer tensor model
The model of additive dimer shielding tensors proposed by one of us in Ref. 17 assumes that it is possible to express each component of the symmetric shielding tensor of Xe in a particular configuration of neighboring A atoms in terms of a sum over contributions from Xe-A dimer tensor components: For example, for Xe in a channel of Ne atoms, the contribution to the Xe shielding due to the ith Ne atom located at (x i ,y i ,z i ) is given by the ab initio tensor component, the function ( Ќ , Ќ , ʈ ) XeNe evaluated at r XeNe . The derived expressions turn out to be simple geometric factors coupled with Ќ and ʈ evaluated at r XeNe . For example,
Terms like these are summed to include all the atoms in the channel. Then the shielding response in an external magnetic field (B 0 ) along a particular chosen direction ͑,͒ with respect to the crystal frame can be calculated as follows:
The Xe tensor components ʈ (Xe-O) and Ќ (Xe-O) and analogous ones for Xe-H atom pairs are shown in Fig. 1. These were obtained by fitting the calculated Xe shielding tensor components obtained from the DFT/B3LYP calculations using the XCAGE/PCA model to sums of Eq. ͑1͒ as follows:
and independently to sums of Eq. ͑2͒ as follows:
where r i Xe ϭr(Xe-O i ) and r(Xe-H k ) and X, Y, and Z are the coordinates in the laboratory frame used to express the configuration of atoms in the crystal. Analogous equations are used for the other tensor components. Fig. 1 , each of which is in terms of inverse even powers of r Xe-O and r Xe-H from Ϫ6 to Ϫ12, with the coefficients determined by fitting to all ab initio components together. The quality of the fitting is shown in Fig. 2 , where each ab initio tensor component value is plotted against the value reconstructed by using the dimer tensor model. The deviations seen in Fig.  2 include deviations from additivity assumed in the dimer tensor model as well as the inadequacy of the functional form used for the dimer shielding tensor functions. It should be noted that imperfect fitting leads to ͓ ʈ (Xe-O) ϩ2 Ќ (Xe-O)͔ not exactly equal to 3 iso ͑Xe-O), and ͓ ʈ (Xe-H)ϩ2 Ќ (Xe-H)͔ not exactly equal to 3 iso ͑Xe-H), where iso ͑Xe-O) and iso ͑Xe-H) are the isotropic shielding functions resulting from the fitting to the ab initio isotropic shielding values. The imperfect partitioning of the oxygen and hydrogen contributions to the shielding leaves the parallel and perpendicular components for each contribution somewhat less reliable than the individual isotropic shielding functions. Thus, the isotropic averages obtained by the line shape calculations using the functions ʈ (Xe-O), Ќ (Xe-O), ʈ (Xe-H), and Ќ (Xe-H) reported here slightly differ from the isotropic averages obtained by using the functions iso ͑Xe-O) and iso ͑Xe-H) reported in our previous paper, but only by tenths of a ppm or so.
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Monte Carlo simulations
The supercells which are used as the simulation boxes for the simulations in this work are the same ones generated in Ref. 24 . The method for obtaining the line shapes by Monte Carlo simulations of Xe in a supercell of a clathrate hydrate is that developed by one of us. 17 The approach is described in Ref. 17 Xe spectrum. The bin width used in all the simulations reported here is 0.625 ppm, so the average shielding components can only be known to Ϯ0.3125 ppm. For display of the spectra, a Lorentzian linewidth of 0.5 ppm is used for the signals that correspond to less than five bins in the histogram and 1.5 ppm for all others. The average values for the individual six ͑in the most general case͒ components XX , etc., are also part of the output, and permit us to examine the numerical values of the principal components and also the orientations of the principal axes of the tensor with respect to the crystal axes.
The potential functions used in the canonical Monte Carlo simulations for the present work are the same as those we used in Ref. 24 . The Xe-Xe contributions to the calculated average shielding were neglected. Pairwise additive potentials of the Maitland-Smith form 25 were used,
where n is allowed to vary with rϭr/r min according to n ϭmϩ␥(rϪ1 2 cages in structure I and four 5 12 cages in II͒, since we do not wish to simulate fast exchange of Xe atoms from cage to cage within the crystal, yet we wish to sample many proton distributions such as would result from proton dynamics with oxygen atoms remaining in place.
RESULTS
Xe shielding tensors at the centers of the cages in structures I and II
In Table I we compare the calculated Xe shielding tensor components ͓column ͑a͔͒ at the center of each of the four cages in structures I and II with the tensor obtained from the dimer shielding tensor model ͓column ͑b͔͒ at the center of each cage. Here we express our calculated values in terms of the Xe chemical shift rather than the shielding tensor components. The conversion is as follows:
In Table I , comparison of column ͑a͒ with column ͑b͒ shows that deviations of the additive dimer tensors from the quantum-mechanical values to which they have been fitted do reflect the many-body terms not included in the model and also the inadequacies of fitting to a finite series in inverse powers of distance. Nevertheless, we see that the additive dimer tensor model provides a reasonable representation of the intrinsic anisotropy of the Xe environment reflected in the tensor calculated using DFT/B3LYP in XCAGE/PCA. The dimer tensor functions obtained from fitting the Xe tensors in structure I provide a good accounting of the tensors for Xe located at the centers of the cages of structures I and II in column ͑b͒ when compared to the actual ab initio values given in column ͑a͒.
The Xe tensors at the centers of all four types of cages are anisotropic, reflecting the specific proton configuration of the extended cage. However, in structure I, the 5 12 
6
2 cage has a clearly greater anisotropy than the 5 12 cage. Likewise, in structure II, the 5 12 cage has a clearly greater anisotropy than the 5 12 6 4 cage. We note that the specific proton configuration of the XCAGE leads to a slightly anisotropic tensor at the center of the 5 12 cage of type I with a span of 9.0 ppm; similarly the tensor at the center of the 5 12 6 4 cage of type II has a span of 4.9 ppm. Although the oxygen atoms of the 5 12 6 2 in structure I and 5 12 in structure II form inherently axially symmetric cages, the specific proton configuration of a given XCAGE leads to a more general type of tensor with parallel component 91.6 ppm while the perpendicular components differ by 7.7 ppm for Xe in the 5 12 
2 cage in structure I. We find similar tensor asymmetry in the 5 12 cage in structure II; the perpendicular components differ by 7.2 ppm. These are a physical consequence of using a single cage with a specific static proton configuration.
Average Xe shielding tensors in structures I and II
Averaging over a large number of Xe positions within a given cage is necessary to correctly reflect the anisotropy of the shielding response at the Xe nucleus of a mobile Xe atom. Since the Xe atom has a finite probability of being found in a fairly large fraction of the free volume of the cage, the anisotropy that is observed experimentally in the lineshape could be different from the anisotropy of the Xe shielding tensor at the center of the cage, and may depend on the shape of the cavity. Shown in Fig. 3 are the Monte Carlo averaged spectra for Xe in the four cages in structures I and II obtained using the dimer shielding functions of Fig. 1 for Xe in a single extended cage ͑XCAGE͒ of each type of cage. The Xe chemical shift tensor components from these simulations are given in Table I column ͑c͒ and compared with the components obtained by Monte Carlo averaging in supercells containing cages with varying proton configurations in column ͑d͒. The results from averaging in 128 5 12 cages in structures I and II can be compared under the same statistical conditions by using 4ϫ4ϫ4 unit cells for structure I and 2ϫ2ϫ2 unit cells for structure II. Accompanying these are 64 5 12 
6
4 cages in structure II and 348 5 12 6 2 cages in structure I. Column ͑c͒ in Table I shows that averaging within a single XCAGE removes most of the anisotropy arising from the specific proton configuration. The results for the 5 12 cage in structure I in column ͑d͒ show that averaging in 128 cages with different proton configurations leads to a nearly isotro- Xe chemical shift tensor principal components in clathrate hydrate structures I and II, given in ppm relative to free Xe atom, calculated by ͑a͒ single point ab initio calculation with Xe at the center of the cage using DFT/B3LYP, ͑b͒ calculated from the dimer shielding tensor model at the center of the cage, ͑c͒ Monte Carlo average using shielding tensor functions of Fig. 1 Table I show that averaging within a single XCAGE removes most of the anisotropy. Averaging among 64 cages results in a tensor with a residual span of only 0.1 ppm, which is essentially isotropic.
Finally, we find nearly the same span for the average chemical shift tensors in the 5 12 
2 cage of structure I and the 5 12 cage of structure II. Averaging within a single 5 12 6 2 XCAGE leads to clearly axial tensors with the ␦ ʈ smaller than ␦ Ќ in both cages. Averaging among 384 5 12 6 2 cages in structure I gives results nearly identical to averaging within a single XCAGE. Similarly, averaging among 128 5 12 cages of the supercell of structure II gives results nearly identical to those obtained by averaging within a single 5 12 XCAGE. We carried out supercell calculations in order to ensure that the proton configurations are properly averaged over. As it turns out, for all four types of cages, averaging within a single XCAGE already provides nearly the same average tensor components as averaging in the supercell.
Comparison against experimental line shapes in structures I and II
The average Xe chemical shift tensor components obtained in this work from the supercell simulations are compared with experimental values in Table II . The theoretical spectra are displayed in Fig. 4 , where they are compared with the Xe NMR spectra from the work of Ripmeester, Ratcliffe, and Tse. 5 In comparing our simulated line shapes with experiment, it should be noted that the 129 Xe NMR spectrum was observed in the Xe-propane hydrate structure II, 5 whereas we used the neutron diffraction data for the CCl 4 clathrate hydrate 28 to generate the coordinates of the supercell for our simulations. In addition, we have not taken into account any contributions to the Xe chemical shift from the molecules occupying the adjacent cages. There are wellknown effects from occupancies of neighboring cages. 9, 12 Nevertheless, the calculated line shapes are in reasonably good agreement with the experimental line shapes, as seen in Fig. 4 . In summary, the spectra obtained from the simulations compare well with the corresponding experimental results at 77 K for Xe type I hydrate and the Xe-propane type II hydrate. 5 The respective lineshapes for Xe@5 12 and Xe@5 12 6 2 in clathrate hydrate structure I are in accord with experiment. The 129 Xe spectrum for the symmetrical 5 12 cage is isotropic as expected. Within our resolution ͑bin width of 0.625 ppm͒, the Xe@5 12 has a signal indistinguishable from an isotropic line shape, with a span of 0.7 ppm in a single XCAGE with its specific proton configuration. A small span can arise from the small differences in the averages resulting from incompletely averaged proton configurations, even in the supercell. Our predicted span ͑21.6 ppm͒ for the 5 12 
6
2 cage is somewhat smaller than the experimentally observed value ͑28.8 -32 ppm͒. An axial anisotropy is consistent with the idealized symmetry of the 5 12 6 2 cage, which has a unique axis through the centers of the hexagonal faces. There is no apparent deviation from axial anisotropy in the line shape resulting from Monte Carlo simulations in the 5 12 6 2 cages of the supercell. Our simulations predict the unique component along the axis through the centers of the two hexagonal faces to be less deshielded, whereas the two equivalent components perpendicular to this axis are more deshielded. This sign of the anisotropy had been predicted earlier without line shape calculations. 29 The respective lineshapes for the Xe in the structure II supercell are also in accord with experiment. When the proton disorder is averaged out, the 5 12 6 4 cage is highly symmetrical (T d ), so it was not unexpected to find, for a single XCAGE, a span of 1.3 ppm which is just barely outside the resolution of our histogram ͑two adjacent bins͒. We therefore find an isotropic line shape even for simulations in a single XCAGE with its specific proton configuration. Averaging in an XCAGE results in very nearly the same tensor as averaging in the supercell. On the other hand, the 5 12 cage in structure II is intrinsically less symmetrical than the 5 12 cage in structure I when only the oxygen positions determined by neutron diffraction are considered, neglecting the proton disorder. The differences between the two types of 5 12 cages are small and may be visualized by comparing O-O distances involving oxygen atoms opposite each other in the cages. Between the 5 12 cages of structures I and II, the corresponding O-O distances differ by only 0.04 Å for six oxygen pairs; three differ by 0.11 and one by 0.05 Å. However, the 5 12 cage in structure II has a unique axis, unlike the 5 12 cage in structure I. If only the oxygen atoms are considered in the 5 12 cage of structure II, there are two unique oxygen atoms through which an axis of symmetry can be drawn ͑see Fig.  5͒ , whereas three pairs of such oxygen atoms can be chosen to form three such axes in the 5 12 cage of structure I. Therefore, neglecting the protons, the 5 12 cage of structure II should lead to an axially symmetric average tensor, whereas the 5 12 cage of structure I should lead to an isotropic average tensor. The short Xe-O and Xe-H distances in both 5 12 cages ͑I and II͒ lead to significant contributions from the highly deshielded portions of the Xe-O and Xe-H shielding functions, resulting in rather similar averages for the centroid of the peaks, but in the Monte Carlo averaging the Xe clearly distinguishes that the 5 12 cage of structure II is less symmetrical than the 5 12 cage in structure I. The short Xe-cage atom distances in the 5 12 cages that correspond to the highly deshielded parts of the shielding functions merely amplify the differences between averages obtained at various directions of the B 0 field with respect to the crystal frame. and the structure of hexagonal clathrasil D1H from synchrotron diffraction, 31 we have obtained the coordinates of the oxygen atoms. The proton positions were assigned at 1.00 Å from the oxygen atoms along the edges of the polygons that make up the cages. We follow the same methods as we have developed for structures I and II, generating a simulation box containing a certain number of unit cells that obey the ice rules under periodic boundary conditions. Since we have discovered that supercell simulations provide nearly identical results as XCAGE simulations, we report only results of Monte Carlo simulations in an extended cage of each type using the same shielding functions and the same potential functions as for structures I and II. The results are shown in Fig. 6 where they are compared with the experimental results of Ripmeester et al. 5 The 
Xe tensors in the cages of structure H
Xe tensors in the cages of bromine hydrate
Bromine hydrate is a clathrate hydrate that has been known since 1829, but its structure was not definitely known until the work of Udachin et al. in 1997. 32 Their single crystal x-ray diffraction analysis reveals a water framework with unit cells consisting of 10 Xe NMR spectroscopy in double hydrates of xenon and Br 2 provide results that are consistent with the tetragonal structure from single crystal x-ray diffraction. 32 We follow the same methods as for structures I and II, generating a simulation box of 2ϫ2ϫ2 unit cells that obey the ice rules under periodic boundary conditions. With the unit cell parameters and the fractional coordinates of water oxygens given in Ref. 32 , we have obtained the coordinates of the oxygen atoms. As for clathrate H, the proton positions were assigned at 1.00 Å from the oxygen atoms along the edges of the polygons that make up the cages. We report results of Monte Carlo simulations in an extended cage of each type using the same shielding functions and the same potential functions as we have used for structures I and II. The calculated tensor components are shown in Table IV which provides a comparison of the static and magic angle spinning ͑MAS͒
129
Xe results from Udachin et al. 32 with our Monte Carlo simulations. In Fig. 7 our calculated line shapes are compared with the experimental spectra. 32 In our canonical Monte Carlo simulations we do not determine the relative distribution of Xe among the types of cages, so the calculated relative intensities of the lines observed for Xe in the 5 12 The Xe signal from the P cage was not observed by Udachin et al., however, they expected it to appear somewhere between the 5 12 
6
2 of structure I and the 5 12 6 4 of structure II, and to be anisotropic. 32 Indeed, we find that their qualitative predictions agree completely with our calculated results for Xe in the 5 12 6 3 cage. We found only a small anisotropy in averaging using the 5 12 6 3 XCAGE model in the simulations.
General considerations of the average Xe shielding tensor in a cage as a signature of the cage structure
The nuclear site symmetry at the center of the cage, ignoring the proton positions, can provide the number of unique shielding tensor components for Xe at that position, and these are known from group theoretical considerations in the work of Buckingham and Malm. 33 At arbitrary locations other than the center of the idealized cage, the Xe tensor is generally asymmetric, however, with as many as six distinct components. How then do the average shielding tensors for the Xe atom in a cage come to reflect the idealized cage symmetry? In the Monte Carlo averaging, the one-body distribution function of the Xe atom in a cage, ignoring the proton positions, should reflect the crystallographic symmetry of the cage. For this reason, equivalent positions in space with asymmetric instantaneous tensors end up with cancellation of opposite signed off-diagonal elements, since the probability of finding the Xe in equivalent locations are equal, leaving only the noncanceling parts to survive. The use of the dimer tensor model permits the analysis to be transparent in Eqs. ͑4͒ and ͑5͒. In this additive approximation, the offdiagonal components of the tensor change sign for equivalent positions which are related by symmetry operations such as rotation about a symmetry axis, reflection through a mirror plane, or inversion through the origin ͑the center of the cage͒. Thus, when the average is taken over a large number of Metropolis-weighted Xe positions within the cage, the uniform sampling over equivalent positions leads to cancellation of contributions. Because the averaging leads to cancellation of equal and oppositely signed terms, despite the fact that the symmetric part of the ab initio Xe shielding tensor at each arbitrary position within the cage ͑other than the center͒ is a general six-component tensor, the resulting Estimated from the spectra in Fig. 8 In the clathrate hydrate, the disorder of proton positions imposes an additional complication in that frozen positions lower the symmetry of the cages. However, the asymmetry arising from only including a finite number of specific proton positions does not give significant contributions. Ripmeester and co-workers were the first to recognize that the observed Xe line shapes exhibit axial anisotropy for those cages which have a unique symmetry axis. 5, 7 Table V summarizes the tensor symmetry predictions from Buckingham and Malm 29 for the nuclear site symmetry at the center of the 12 cages in structures I, II, H, and bromine hydrate. The average tensors from our Monte Carlo simulations in these cages have the expected number of unique components, and the principal axis directions found for the average tensor are the expected ones, corresponding to the symmetries of the idealized cages, within the statistical errors of the simulations. We do indeed find that our results bear out the general consequence of symmetry arising from averaging the shielding over the one-body distribution of Xe in the cage.
In Figs. 8 -10 we provide a summary of the assignments of our calculated average tensor components to the cage axes in the various clathrate hydrates. Since we use the coordinates of the cage atoms in our Monte Carlo simulations, the average tensor components that result from the simulations can be associated unequivocally with the crystal axes and the axes of the individual cages. In Fig. 8 , the 5 12 
6
2 cage in structure I is clearly axially symmetric. There are three types of these cages with the unique axis lined up along each of the crystallographic axis. One of the principal axes ͑the unique one at 194 ppm͒ of the Xe tensor in the 5 12 cages of structure II is shown in better detail in Fig. 5 . The other two principal components are orthogonal to this and equivalent to each other ͑214 ppm͒. Where there is a unique axis for the cage, as in the 5 12 6 2 cage of structure I ͑Fig. 8͒ and the 4 3 5 6 6 3 cage in structure H ͑Fig. 9͒, the observation of an axial tensor is expected. In such cases, the assignments are obvious from the experimental spectra. The 5 12 6 8 cage in structure H is apparently not populated by Xe, but we predict an axially symmetric tensor with the higher chemical shift along the unique axis which is the sixfold symmetry axis ͑the long axis of the cage͒. The 5 12 cage of structure H has three unique components, along the three twofold axes of the cage (D 2h ), but they are not greatly different from each other. Only the principal values are shown when symmetry dictates more than three unique components of the tensor, although the calculations provide the full tensor for Xe in the Cartesian frame of the crystal in every case, including the off-diagonal elements.
The cages carved out of the bromine hydrate crystal Table IV. the appearance of the cluster of 5 12 6 2 (T A ) cages displayed in Fig. 10 as stacked along the z axis of the crystal, the T A cages have D 2h symmetry and cannot lead to an axially symmetric Xe tensor. There are three distinct components, in agreement with the symmetry rules of Buckingham and Malm. 33 On the other hand, the nearly axial symmetry of the Xe tensor in the 5 12 6 2 (T B ) cage is easily understood in the view shown at the bottom right of Fig. 10 ͑the cluster of T B cages viewed from below͒. The larger two of the principal components, although statistically distinct, are nearly equal.
The theoretical calculations can provide assignment information not available from experiments on polycrystalline material, especially where overlapping peaks may occur and/or some cage types are not sufficiently populated by Xe to result in the observation of a characteristic line shape under normal conditions. In such cases theoretical calculations can provide a region where the weak signal may be expected to appear, for example, the 5 12 
8 cage in structure H or the 5 12 6 3 cage in bromine hydrate, as well as a signature line shape to compare with and confirm the assignment.
Temperature dependence
We performed simulations at 77 and 275 K for Xe in clathrate hydrate structures I and II. The lattice parameters are known as a function of temperature from the work of Ikeda et al. 34 We used the appropriate lattice parameter to scale the coordinates between 77 and 275 K. The Xe onebody distribution is also a function of temperature and is determined by Monte Carlo simulations at the two tempera- 4 cage in type II͒, whereas they both decrease with increasing temperature for the smaller cages (5 12 cages in type I and II͒. The changes with temperature are systematic, but not large. These changes are opposite to the temperature dependence expected in the limiting cases of small spherical cages and large spherical cages.
Let us consider the limiting cases of a small cage and a large cage. The different temperature behaviors of the chemical shift of a single Xe atom in a cage have to do with the potential energy surfaces, which in turn determine the onebody distribution function. In a small cage, the potential sur face has a minimum at the center of the cage. In a large cage, the center is a local maximum, and the lowest energy positions lie along a three-dimensional potential trough that is shaped by the walls of the cage. In a small cage, the highest probability of finding the Xe is at the center, at any temperature. At low temperatures, the one-body distribution is tightly peaked at the center. At higher temperatures, the one-body distribution function is still peaked at the center but the probability of finding Xe off center is increased, leading to increased contributions from highly deshielding close encounters with wall atoms. Therefore, the Xe chemical shift increases with increasing temperature in the limiting case of a small cage. In a large cage, at low temperatures, the highest Neglecting small differences that may be attributed to proton disorder. The assignments of the calculated average tensor components to the axis directions in the respective cages are given in Fig. 8 . Only the principal tensor elements in the principal axis system manifest themselves in the NMR spectrum of polycrystalline samples such as the clathrate hydrates. The full tensor results from the simulations but this can be obtained only in a single crystal experiment.
probability of finding the Xe is along the trough, whereas the probability is smaller for finding Xe close to the center, where the deshielding contributions from the remote cage atoms are much smaller. At higher temperatures, the onebody distribution function is still highest along the trough but the probability of finding Xe close to the center is increased, leading to increased contributions from low deshielding terms of remote wall atoms. These qualitative predictions of temperature dependence in the limiting small and large cage cases assume that the cage itself is static with temperature. In clathrate hydrate structures I and II, however, the lattice parameters increase systematically with increasing temperature, that is, the individual cages increase in size. All other factors ͑e.g., electronic structure of cage atoms͒ remaining the same, when the cage dimensions increase with increasing temperature, the average Xe chemical shift will decrease because, for corresponding Xe positions relative to the center, all Xe-cage atom distances become longer, leading to smaller deshielding. This is the trend found in our Monte Carlo simulations for both 5 12 cage types in structures I and II ͑see 7 and 250 ppm at 77 K. 32 The observed increase in Xe chemical shift with decreasing temperature in the 5 12 cage of structure I is in the same direction as our simulations predict for this cage. In the same respective samples, the isotropic Xe chemical shifts in the 5 12 
6
2 cages of structure I are reported as 152 ppm at 275 K, 7 and 148 ppm at 77 K. 32 The observed decrease in Xe chemical shift with decreasing temperature in the 5 12 6 2 cage of structure I is in the same direction as our simulations predict for this cage. On the other hand, the isotropic Xe chemical shift in the 5 12 
4 cage of structure II has been reported as 80 ppm at 200-240 K, 5 and 86 ppm at 77 K. 32 The observed increase in Xe chemical shift with decreasing temperature in the 5 12 6 4 cage of structure II is in the opposite direction to that predicted by our simulations for this cage. However, it has also been reported that minor chemical shift differences for the same resonance have been observed in different samples. 6 Systematic temperature dependent studies of Xe spectra in clathrate hydrates are needed to provide unambiguous tests of our predictions in Table VI .
DISCUSSIONS
Monte Carlo averaging results in a different line shape than that which is calculated from the Xe shielding tensor at the center of each type of cage. Unlike Xe in C 60 , there is some free volume for Xe atoms to explore in each of the cages of clathrate structures I and II. This averaging leads to a Xe tensor that is at higher chemical shift than for a static Xe atom at the center of the cage. For each of the four types of cages, about 20 to 50 ppm deshielding is gained by averaging. Another consequence of the dynamics is to average out local shielding tensor asymmetries. The apparent anisotropy of 9.0 ppm at the center of the 5 12 cage of structure I is averaged out to 0.7 ppm by Monte Carlo averaging in the same XCAGE. We discovered that the average shielding tensor components in a single XCAGE is not statistically different from the average shielding tensor components obtained in the supercell of 384 cages of type 5 12 
6
2 in structure I or 128 cages of type 5 12 in structure II. Local sampling of different proton arrangements is apparently sufficient.
Although the differences in O-O distances found in the 5 12 cages of type I and type II are very small, the Xe atom is sensitive to these small differences. The shielding response in the 5 12 cages in type II do reflect the existence of a unique pair of oxygen atoms in the 5 12 cage of type II, which leads to an axially symmetric Xe tensor with about 20 ppm anisot- ropy. The small remaining anisotropy from the simulations at 275 K, in cages that should have given rise to isotropic signals at a temperature high enough for molecular reorientation to effectively average out the proton disorder, reflect the inability of simulations of Xe in cages with static configurations to completely represent the dynamically averaged configuration, even when using supercells with 128 and 64 cages, respectively, of type 5 12 in structure I and 5 12 6 4 in structure II. Using an ''averaged'' clathrate structure would of course have led to three identical average tensor components for these cages. For example, to mimic clathrates under fast molecular reorientation, we could have used a static configuration with each proton located at the center of the O-O line. Alternatively, we could have placed twice as many protons in the simulation box, at the positions located by neutron diffraction, and used half the Xe-H shielding function and half the Xe-H potential function in the Monte Carlo simulations. However, neither one of these two possible representations of ''averaged'' cage structures would have resulted in an accurate one-body distribution functions. The probability of finding a Xe atom in a particular location within a cage depends on the instantaneous configuration of oxygen and hydrogen atoms, which would be falsely represented by either one of these simple ''averaged'' representations. For this reason, we choose the more complex representation of the crystal using supercells. Indeed, Table I shows that the residual anisotropy of 0.7 and 1.3 ppm obtained in averaging over a single XCAGE reduces to only 0.1 ppm upon averaging in supercells.
All 5 4 cage of structure II which is overestimated by about 20%. The relative positions of the peaks and their individual line shapes are in excellent agreement with the experiments of Ripmeester and co-workers. 5, 6, 32 We are unable to have quantitative agreement with some finer details, for example, the relative magnitudes of the anisotropies of Xe in the 5 12 6 2 cage in type I and the 5 12 cage in type II. We find nearly the same value of the span for both whereas the experimental data reveal that Xe in the 5 12 6 2 cage has a larger span than does Xe in the 5 12 cage. On the other hand, we do find excellent predictive capabilities by our methodology overall, when we compare the predicted NMR spectra for Xe in 12 different cages, with spectra that have been observed experimentally for ten of these cage types. Our method provides unequivocal predictions, given the same set of quantum mechanical shielding functions and empirical potential functions, and all results are directly comparable since we do not adjust any parameters to observed NMR spectra. Agreement with experiment can still be improved by improving the Xe-O and Xe-H potential functions used. This may be most important for the largest cages with the largest free volumes for Xe, where changing the potential functions used could lead to significant changes in the Xe one-body distributions that weight the shielding contributions from cage atoms. The dimer tensor model appears to be adequate in representing the quantum mechanical values of Xe shielding tensors. Improvement would require the inclusion of nonadditive terms ͑three-body and higher͒ in the fitting of the ab initio values.
CONCLUSIONS
We have calculated for the first time, and starting from first principles, the line shapes that are observed in the 129 Xe nuclear magnetic resonance spectra of xenon in the cages of clathrate hydrate structures I, II, H, and bromine hydrate. In the dimer tensor model, the shielding response tensor components for a Xe at a specific location in a clathrate cage from quantum mechanical calculations using an extended cage model ͑XCAGE/PCA͒ are represented by contributions from parallel and perpendicular tensor components of Xe-O and Xe-H dimers. The shielding tensors reconstructed from the Xe-O and Xe-H parallel and perpendicular shielding functions are employed in canonical Monte Carlo simulations to calculate the Xe shielding tensor component along a particular magnetic field direction. The shielding tensor components weighted according to the probability of finding a crystal fragment oriented along a particular laboratory direction in a polycrystalline sample lead to a predicted line shape.
The line shapes calculated for Xe in the 12 types of cages in clathrate hydrate structures I, II, H, and bromine hydrate using the same shielding functions and the same potential functions, are in excellent agreement in terms of the existence of anisotropy, the sign of the anisotropy, and the magnitude of the anisotropy, with the line shapes observed experimentally by Ripmeester and co-workers in Xe type I hydrate, in Xe-propane type II hydrate, in Xe type H hydrate, and in bromine hydrate. 5, 10, 11, 32 We have assigned the individual average tensor components to specific axes of the cages or the crystal. While the agreement with the experimental values that can be deduced from the Xe spectra is not excellent in every case, we believe the assignments of relative magnitudes of the components to the specific principal directions are reliable. Such assignments cannot be unequivocally determined from the experimental spectra in many cases.
We have established that the average Xe shielding tensor of a single Xe atom in a cage reflects the symmetry of the cage itself, as canceling contributions of equal magnitude, and opposite signs, are uniformly included in the averaging process through built-in proper statistical sampling. Thus, the Xe NMR line shapes directly provide information about the symmetry of the cage, in the number of unique components, and in the relative magnitudes of the components parallel and perpendicular to the symmetry axis of the cage itself. Provided that the Xe in the cage is not undergoing fast exchange with other sites within the crystal or in the overhead gas, this knowledge permits the determination of structural information from observations of Xe NMR spectra, which has been the expressed motivation of Ripmeester and coworkers for their beautiful experimental work, since 1981, using the 129 Xe nucleus as a general probe of voids.
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